may stimulate the formation of stable aggregate structure in residues. Further understanding should 23 focus on particle interaction forces and agglomeration mechanisms with the addition of external 24 ameliorations.
26

Introduction
1
Management and disposal of solid waste discharge from the non-ferrous metal refining process is 2 a global environmental concern . Bauxite residue, a highly alkaline by-product, is 3 generated when alumina is extracted from bauxite ores by the Bayer process (Kaur et al., 2016 ).
4
Although many efforts have been made to utilize bauxite residue, few of them are commercially 5 applied (Liu et al., 2014) . Compared to marine disposal or lagooning, large volumes of bauxite residue 6 are discharged to disposal areas using the dry-stacking method in which the residue slurry is thickened 
35
porosity and water stable aggregates to assess soil formation in restored bauxite residue and found that 36 the combined addition of gypsum and organic fertilizer increased aggregate stability and stimulated soil 37 formation. discovered that natural weathering processes may increase porosity and 38 promote aggregate stability. However, little attention on aggregate microstructure has been considered 39 .
40
Soil aggregation and its stability influence carbon stabilization, water infiltration, nutrient 41 transport, and the ability to resist water retention (Cheng et al., 2015 
22
Bauxite residue samples from three different locations related to disposal age were studied. These 
20
In this study, as has been successfully used in evaluating soil microstructure, the indicator kriging
21
method was used for image segmentation and pore space geometry which were determined with
22
3DMA-rock software (Zhou et al., 2012) . Voxels (300×300×300) were cropped from the central part of 23 each image. In order to reduce light variation among images, the stacked images were normalized using
24
ImageJ before segmentation. Residue pores from the solid phase were extracted using the indicator 25 kriging method (Oh and Lindquist, 1999 
13
According to ESEM images and following natural regeneration processes, the 0.25-0.05 mm size
14
fraction increased in size, the number of pores between microaggregates decreased, surface particle 15 distribution became uniform and microaggregate structure varied from loose to dense (Fig. 2) 
Visualization of soil aggregates
20
The sanned macro-and microaggregates from the three different locations are shown in Fig. 3 .
21
Pores within the macro-or micro-aggregates were visually classified as inter-or intra-sub-aggregate
22
pores based on pore positions. In three different residue samples, inter-sub-aggregate pores included 23 channels and vughs. The residues which were stacked for the longest had larger channels and vughs.
24
Intra-sub-aggregate pores were dominant in Z3, suggesting a more porous sub-aggregate structure to 25 support plant growth as compared to Z1 and Z2. An overall perspective of the pore structure in residue
26
aggregates could be speculated from the 3D images of the pore systems (Fig. 3) . The pore system of Z3
27
was more continuous than in Z1 and Z2. As for microaggregates (Fig. 4) , with increasing disposal age,
28
the diversity of intra-aggregate pores was not so obvious, whilst inter-aggregate pores increased. 3D
29
structure of the residue microaggregates shows this result visually (Fig. 4) .
30
Porosity and pore-size distribution
31
General quantitative information about the 3D pore system and pore throat networks within 32 residue aggregates from different disposal ages is presented in Table 2 . Total porosity showed 33 statistically significant differences between residue macroaggregates and microaggregates under 34 natural regeneration (P<0.05). Macroporosity for macroaggregates and microaggregates of Z3 was 35 significantly higher than for the residues which had been stacked for less than 10 years (P<0.05).
36
Boundary and interior pores in the residue aggregates were pores which connected or did not connect
37
to the outside of the whole volume respectively. The numbers of interior pores, boundary pores and
38
total pores for Z3 were all less than for Z1 and Z2 (P<0.05), whilst the fractions of interior and 39 boundary pores for the three different residues were significantly different (P<0.05).
6
Nodal pore size distribution showed that Z3 had the largest porosity within each pore size 1 diameter (Fig.5) . Macro-and microaggregates in residues exhibited the same trend which indicated that 2 natural regeneration may increase the porosity of residue aggregates. The residue macroaggregates had 3 the greatest porosity within the 200-300 μm range, whilst residue microaggregates had the greatest 4 porosity within the 100-300 μm range. 
Pore throats
23
Except for pore size and path tortuosity, throats of inconnected pores is another indicator to affect 24 fluid flowing within the pore system. Throats of the pore system in residue aggregates were extracted 25 to separate the interconnected pores, and their surface areas were calculated (Fig. 7) . For 20 year old 26 residue (Z3), the total number of pore throats was significantly lower than for Z1 and Z2 (Table 2) .
27
Compared to path tortuosity, the pore surface area distribution in aggregates showed the same trend.
28
For macroaggregates, the largest throat surface areas in Z1 and Z2 were 9. 
Effects on residue aggregation and aggregate micromorphology
34
The relative rates of natural weathering processes and improvement in residue properties will
35
influence soil-formation at the disposal area. Rainfall leaching will dissolve soluble alkaline minerals 36 such as sodalite and calcite which will buffer pH and salinity (Santini and Fey, 2013) , whereas wind 37 erosion will affect the redistribution of aggregate sizes at the residue surface (Amézketa, 1999 
4
With no external organic carbon additions, major sources in bauxite residue may be due to microbial 5 activity and pioneer plant tissues (Bradshaw, 2000) . Gräfe and Klauber (2011) suggested that in order 6
to support the development of ecosystems on disposal areas, residue pH should be between 5.5 -9.0,
7
EC reduced to <4 mS/cm, whilst ESP should be less than 9.5%. Weathering had therefore ameliorated 8 the residues to the extent that it was now capable of supporting plant growth. The residues in Z3 had a 9 low EC (0.36 mS/cm) which was lower than 4 mS/cm. Nevertheless residue pH (9.45) and ESP
10
(28.99%) were higher than the suggested rehabilitation objectives and a vegetation cover still 
21
According to residue micromorphology, aggregate size became coarser following natural regeneration.
22
The dynamic changes of Ca and Na contents on the surface of the aggregates by energy-dispersive 
37
dense massive microstructure to a porous microstructure ( Fig. 3 and Fig. 4 ). growth and showed that it could be regarded as a soil-like medium. In this study, the indicator kriging 1 method was used to determine aggregate microstructure and pore characterization in bauxite residue.
2
Although pore-size distribution is one of the most important parameters, as it is expressed in terms of 
6
The scanning images indicated that although the total number of pores in macro-or 7 microaggregates decreased, the porosity (including macroporosity and mesoporosity) increased 8 significantly compared to Z1 and Z2, whilst a greater quantity of large and long pores existed in Z3.
9
The 3D pore systems for Z1 exhibited similar honeycomb patterns, while in Z2 and Z3, more 10 continuous longer channels were found. The larger pore structure were beneficial to infiltration and 11 substance exchanges between water, nutrients, gas and thermal conduction (Ayoubi et al., 2012) . The
12
accumulation of large pores resulted in a relatively loose physical structure which led to rapid moisture 13 movement which effectively supply plant root absorption (Bui et al., 1989 
17
The pore morphological parameters, such as pore throat area, path length, and tortuosity, revealed
18
the aggregate structural differences between the different disposal ages. Z3 had a lower path number, 
21
Compared to Z1 and Z2, the existence of plant roots may lead to longer pore paths in Z3. The residues
22
(Z3) had a higher path tortuosity which showed that there was a large volume of irregular pores in 
